The electronic and structural characteristics of the octahedral molybdenum cluster-based ternary compound, Cs 2 [Mo 6 Cl 14 ], were investigated based on density functional theory (DFT) and subsequent comparisons with experimentally observed results. The geometry optimization and band structure calculations of Cs 2 [Mo 6 Cl 14 ] were performed using three standard functionals: local density approximation, Perdew-Burke-Ernzerhof (PBE) as a generalized gradient approximation, and PBE revised for solid compounds (PBEsol). The validity of the calculated results was experimentally examined via X-ray powder diffraction, ultraviolet visible (UVvis) diffuse reflection, and X-ray photoemission spectra (XPS) measurements. PBEsol was found to show the best performance in terms of reproducing the experimentally refined lattice structure of the compound. The calculated band gap energy (E g ) was consistent with the value evaluated from the UVvis measurement. Furthermore, the XPS valence spectrum of the compound was well reproduced by the calculated projected density of state weighted with the photoionization probabilities of Al K ¡ . Although the spectral shapes simulated using the three functionals were similar, PBEsol reproduced the energy levels of the electronic states of both [Mo 6 Cl 14 ] 2¹ and Cs + ion with greater consistency. Therefore, it was concluded that PBEsol is the most appropriate functional for DFT calculations of the metal cluster-based lattice system.
Introduction
Transition metal cluster complexes are among the most important materials in the field of coordination chemistry because of their unique coordination structure and characteristic physical and chemical properties inherent to the metal cluster core. In particular, in octahedral metal cluster chemistry, the octahedral molybdenum cluster-based halide complex, i.e., [Mo 6 X i 8 X a 6 ] 2¹ (X = halogen; i = inner; a = apical) has long been one of the most investigated cluster materials since it was first described in the mid-1800s. 1) This complex consists of an octahedral core of 6 Mo(II) atoms surrounded by 14 halogen ligands, i.e., 8 face-capping X i (s) and 6 terminal-capping X a (s), which exhibit an overall divalent negative charge (Fig. 1 ). Owing to their extremely large size (³1 nm) compared to single nuclear complexes, these cluster complexes have been used as molecular building blocks by association with various inorganic cationic elements and organic molecules.
2)5) In addition, substitution of ³ halogen ligands in other species allows facile fabrication of supramolecular-like highly dimensional and functional nanostructures. For instance, metal organic frameworks (MOFs), such as porous periodical open frameworks 6), 7) and self-assembled cluster monolayers immobilized on the surface of Si(111), have been reported in recent studies on novel electrochemical devices. 2¹ complex has attractive chemical and physical properties, such as luminescence, 11) ,12) photocatalysis, 13 ), 14) and redox behavior. 15) In particular, luminescence is the most attractive property of this complex because of its highly efficient broadband red emission under illumination by UV or blue light.
11), 12) The resultant massive Stokes shift is the most important luminescent characteristic, a potential application of which is the development of red phosphors for solid-state LEDs. In addition, customized optimization of the optical properties is possible, because optical properties such as absorption and luminescence efficiency can be modified according to the chemical composition of the ligands and counter cations. 16 Then, the sample was heated on a hot plate at 150°C for 1 h in a glove box filled with well-dried N 2 gas, where the concentration of water was less than 0.1 ppm. Because the lattice structure of Cs 2 [Mo 6 Cl 14 ] is highly sensitive to the presence of water molecules absorbed from ambient moisture, 26) this heat treatment needs to remove the water molecules from the lattice so that the intrinsic nature of the compound can be evaluated.
26)

Characterization analysis
The crystal structure of the dried sample was characterized by X-ray powder diffraction (XRD) using a RINT-Ultima III diffractometer (Rigaku Co. Ltd., Tokyo, Japan) with Cu K ¡ radiation ( = 0.15418 nm). The lattice parameters were refined using the least squares method by sampling more than 10 observed diffraction peaks. The diffuse reflectance spectrum of the sample in the near-UV to near-IR range (UVvis) was measured using a SolidSpec-3700 spectrophotometer (Shimadzu Corp., Tokyo, Japan) with an integrating sphere made of BaSO 4 . The value of optical band gap (E g ) was determined from the absorption spectrum converted with the KubelkaMunk (KM) function. 29 ),30) The X-ray photoemission spectra (XPS) of the sample in the corelevel and valence energy regions were measured using a -probe spectrometer (Thermo Fisher Scientific K.K, Yokohama, Japan) with a monochromated Al K ¡ X-ray source (h¯= 1486.6 eV). The pass energy was set as 20.0 eV, and the instrumental resolution of electron energy was ³0.2 eV. The sample was attached on an adhesive tape containing carbon particles. When obvious charging under X-ray irradiation occurred, a charge neutralizer employing both Ar + ions and electron emitters was used to eliminate the charging. The observed binding energy was calibrated to align the C 1s peak of the surface-contaminating carbon to 284.6 eV.
Computational methods
DFT calculations for Cs 2 [Mo 6 Cl 14 ] were conducted assuming the trigonal lattice model with the centrosymmetric space group (P 31c), 2),26),27) as shown in Fig. 1 , because we had previously confirmed the presence of centrosymmetry by observing the absence of second-harmonic generation (SHG) from Cs 2 [Mo 6 Cl 14 ] under irradiation by a high-intensity infrared (IR) laser. 26) Hence, relaxation of the lattice parameters and atomic coordinates of Cs 2 [Mo 6 Cl 14 ] was achieved by applying structural constraints so that the space group of the lattice could maintain the P 31c symmetry. The initial structural model for the geometry optimization is summarized in Table S1 in the supporting information.
All the DFT calculations in this study were performed using the plane-wave pseudo-potential method 31) as implemented in CASTEP code.
32) The norm-conserving pseudo-potentials (NCPPs) 33) were generated using OPIUM code. 34),35) Three exchangecorrelation functionals, namely LDA developed by Ceperley and Alder 36) as reformulated by Perdew and Zunger, 37) PBE, 38) and PBEsol, 39) were employed for energy minimizations using Pulay's density mixing scheme. 40) The cell parameters and atomic coordinates were relaxed using the quasi-Newton method with the Broyden-Fletcher-Goldfard-Shanno Hessian update scheme. 41) Electron spin polarization was considered for all DFT calculations. The plane-wave cut-off energy was set at 830 eV, the Monkhorst-Pack grid 42),43) (4 © 4 © 3 mesh) was employed for Brillouin-zone sampling, and a 96 © 96 © 144 mesh was used for fast Fourier transformation. The convergence tolerances were set to 5 © 10 ¹5 nm for atomic displacement, 5 © 10 ¹6 eV/atom for total energy, 0.1 eV/nm for maximum interatomic force, and 0.02 GPa for pressure. For population analysis, we deduced the effective charge of each element based on two methods, i.e., Mulliken population analysis 44) , 45) and Hirshfeld population analysis. 46 ), 47) To simulate the photoemission spectrum, the calculated PDOS was weighted by some reference photoionization probabilities. 48) 3. Results and discussion 3.1 Experimental structural characterization Figure 2 shows the XRD pattern of the synthesized sample. Although the observed pattern was identical to the pattern simulated with the structural parameters of trigonal Cs 2 during the re-crystallization procedure. Because these diffraction intensities were negligible, we can assume that the sample has a nearly trigonal phase. As indicated in Table 1 , the refined lattice parameters were a = 0.9789(1) nm, c = 1.4195(3) nm, and V = 1.1779(1) nm 3 , which were slightly smaller than the values reported in the literature. 26) These smaller lattice parameters imply that the volatile constituents, namely water molecules, 26) were satisfactorily removed from the lattice through the heat treatment at 150°C for 1 h in the glove box. Therefore, the synthesized sample must exhibit the intrinsic structural characteristics of Cs 2 [Mo 6 Cl 14 ].
Computational analyses
Although the geometry optimization and energy minimization of Cs 2 [Mo 6 Cl 14 ] fairly converged for all calculations, the obtained lattice parameters differed significantly with the chosen functional. Among the three functionals, PBEsol gave the lattice parameters nearest to the experimentally obtained values, as indicated in Table 2 . As can be seen from this table, the lattice parameters optimized by LDA resulted in smaller lattice parameters along the a-and c-axes compared to the observed values. This result is due to the typical tight binding tendency of LDA.
50),51) By contrast, in the case of PBE, the lattice parameters were overestimated significantly although overestimation of the lattice parameters by a small percentage is a general tendency of GGA. 50),51) On the other hand, PBEsol reduced this overestimation considerably, such that the lattice parameter was well matched with the observed one along the a-axis albeit somewhat larger along the c-axis. The atomic coordinates and interatomic distances resulting from the geometry optimization are summarized in Tables S2 and S3 , respectively. These results show that the lengths of the CsCl bonds mainly influenced the variation in the lattice parameters, because the lengths of the MoMo, MoCl i , and MoCl a bonds seemed to be comparable to the experimentally refined values 26) regardless of the functional class. Hence, the selection of an appropriate functional is crucial for reproducing the arrangement of the cluster complexes and counter cations in the metal-cluster-based lattice system. The most accurate lattice structure was obtained using PBEsol, which could be attributed to PBEsol being specifically designed for yielding accurate jellium surface energies. 39 Figure 3 shows the band structure and total DOS (TDOS) of Cs 2 [Mo 6 Cl 14 ] calculated with the three functionals. Because the energy band structures for the up-and down-spin states are identical, only the up-spin component is shown in the E-k dispersion plots, and the TDOS plotted here is the summation of the up-and down-spin components. As can be seen from Fig. 3 , each band is very flat over the k-space, and the bands with similar energy levels seem to form bundles. These very flat bands indicate strongly localized electron distribution in the lattice, and the bundle-like structure is reflected in the highly degenerated molecular orbitals of the [Mo 6 Cl 14 ] 2¹ complex. The calculated band gap energies (E g ) are listed in Table 3 . They are consistent with the values observed from UVvis diffuse reflection, as shown in Fig. S1 , even though LDA and GGA underestimate E g values owing to the well-known problem of the self-interaction error.
37),53), 54) This result suggests that effective screening of the metal-cluster-based compounds would be possible by predicting the E g values without using high-cost exchangecorrelation functionals developed for obtaining plausible E g values, such as hybrid functionals.
55),56)
The calculated band structures presented in Fig. 3 show that the degree of the E-k dispersion was obviously different by adopted functional. For instance, band pairs indicated with arrows in Figs. 3(b) and 3(c) are merged to form a broad bundle in Fig. 3(a) . In particular, the width of each bundle in Fig. 3(b) is very narrow for GGA calculation, while it is obviously broad in Fig. 3(a) for LDA calculation. The broader band dispersion of LDA is because LDA systematically assumes constant electron density for a system although the realistic charge distribution is not uniform. In contrast to LDA, PBE and PBEsol yielded relatively flat band structures, but the latter appeared to be slightly dispersed, as shown in Figs To provide a better understanding of the chemical states of these elements, the results of Mulliken and Hirshfeld effective charge analyses are shown in Table 4 . It can be seen that the performances of both the population methods were consistent, although the Hirshfeld method was likely to give smaller values. As described above, the nature of Cl a is ionic, which is supported by the strong negative charge of Cl a . The charge of Cl i was nearly neutral even though the Cl atom is negatively charged in general, owing to the charge compensation for the strong electronic hybridization between Cl i and Mo. Although LDA and PBEsol gave close charge values with respect to Mo, Cl i , and Cl a , PBE gave more ionic ones. This result indicates that PBE tends to localize Mo and Cl compared to LDA and PBEsol. The charge value of the Cs + ion was nearly the same as the formal charge regardless of employed functional in the Mulliken analysis. However, in the Hirshfeld analysis, it seemed to enhance the ionicity in the order of PBE > PBEsol > LDA. This tendency is consistent with the dependency of the E-k dispersion in Fig. 3 . Indeed, the energy band structure calculated with LDA showed the broadest dispersion while that calculated with PBE showed the narrowest dispersion. The difference in these band dispersions was well reflected in the degree of covalency represented by the results of charge analyses. As the metal-cluster-based system is composed of many boding nature, such as metallic bond within the Mo 6 -core, relatively strong covalency in MoCl i bonds and ionic bonding character in MoCl a bonds, effectiveness of charge analysis based on PDOS calculation seems to be very limited. However, it seems that the Hirshfeld analysis is rather better way for semi-quantitative expression of the bonding characteristics as described above. It is also noteworthy that simple electrostatic charge model, so-called bond valence sum, 57) is not appropriate for analysis of bonding characteristics in metal-cluster-based compounds. 58) We attribute this difficulty in electrostatic charge analysis to coexistence of many different kinds of bonds, like metallic and ionic bonds, within a metal cluster complex. In other words, DFT calculation for periodic lattice system must be appropriate for description of the chemical bonds formed in the metal cluster complex.
Simulation of valence XPS spectra
We simulated the photoemission spectrum of Cs 2 [Mo 6 Cl 14 ] in the valence band region from the calculated PDOS shown in Fig. 4 to examine the accuracy of the calculated electronic structure of the compound. In this simulation, each PDOS was multiplied by the photoionization probabilities 48) for Al K ¡ listed in Table S4 , and they were finally combined into one spectrum. Figure 5 shows a comparison between the experimentally observed and simulated XPS spectra. For the first impression, agreement between the observation and simulation seems to be not very good. In fact, the width of valence band in the observation was approximately 1.0 eV wider than that in the simulation, although spectral shapes in the observed and calculated spectra looked similar to each other.
There are two major reasons for disagreement between simulation and observation. One reason is that spinorbit coupling (SOC) was not considered in simulations. This results in difference in number of peaks in valence band between observation and simulations. In fact, there are five major peaks in simulated spectra as denoted by arrows in the figure but six in observation. As seen in the reference, 59 ) Cs 5p level splits into two XPS peaks, 5p 3/2 at ³12.3 eV and 5p 1/2 at ³14.0 eV, due to the SOC. On the other hand, Cs 5p forms single peak in simulated spectra because the SOC was not taken into account. Hence, peak splitting due to the SOC is one of the reasons why the observed spectra showed relatively wider valence band spectra.
The other reason for the difference in width of the valence band between observed and simulated spectra was essentially caused by a commonly known habit in DFT simulations. That is narrowing of valence band width by self-interaction 54),60) which is significantly found in d-electron system. 61),62) Usage of hybrid functional method with non-local potential is a possible way to reproduce experimental valence band width 63),64) but 10100 times more computational costs should be also expected for simulation using the hybrid functional compared to the DFT functional applied to this study. As the valence band spectrum calculated using PBEsol showed rather better similarity (relative peak intervals) with observation and the band width was calculated so as to be rather wider by using PBEsol, we may conclude that the similarity of observation and calculation was improved by employing PBEsol. Considering the overall reproducibility of the lattice structure as well as computational costs, we concluded that PBEsol is appropriate for crystal and band structure calculations of the metal-cluster-based compound system.
Conclusions
In summary, we synthesized Cs 2 [Mo 6 Cl 14 ] and investigated its crystal and electronic structures through comparisons between experimental investigations and theoretical predictions using the DFT method. To determine the most appropriate functional for this lattice system, three DFT functionals, namely LDA, PBE, Journal of the Ceramic Society of Japan 125 [10] 
